I. Introduction
expect that the virtual effects on all other SM processes induced by the exchange of new heavy particles are also negligible after considering the stringent constraints on the parameter space.
However, the characteristic signal processes of the LHM, such as the productions of new heavy gauge bosons and their decays, are not very severely restricted by those constraints from the electroweak precision observables. Thus, it is still worthwhile to study them in considerable detail within the framework of the LHM without T -parity.
The Z H → H 0 γ decay process can be used to identify the production of the Z H gauge boson at high energy colliders, since recent measurements on the Higgs boson discovery channels and electroweak precision observables have provided severe constraints on its parameter space [16] . Another advantage in probing the Z H → H 0 γ decay channel is due to the fact the SM background is naturally suppressed [17, 18] . Therefore, H 0 γ associated production at high energy colliders opens a new window to test the gauge sector of the SM and Higgs physics [19] [20] [21] [22] .
Previous study on the Z ′ → H 0 γ decay has been performed in the context of left-right symmetric models [19] , where the branching ratio is estimated [23] . In this paper, we investigate the QCD two-loop correction to the Z H → H 0 γ decay and provide the decay width up to the O(α 3 ew α s ) in the LHM.
The rest of this paper is organized as follows. In Sec.II we briefly review the LHM. In Sec.III we present the analytical calculation at the LO and QCD NLO for the Z H → H 0 γ decay in the LHM without T -parity. The numerical results and discussion are provided in Sec.IV. Finally, we give a short summary in Sec.V.
II. Related theory of LHM
The LHM is based on an SU (5)/SO(5) nonlinear sigma model. The nonlinear sigma model SU (5) symmetric tensor field Σ is parameterized as
where the vacuum expectation value (VEV) of Σ(x) is given by [4, 24] 
At the energy scale f ∼ O(TeV), the SU (5) global symmetry breaks down to its SO(5) subgroup, and the [SU (2) ⊗ U (1)] 2 gauge subgroup of SU (5) simultaneously breaks down to its diagonal subgroup SU (2) L ⊗ U (1) Y , which is identified as the SM electroweak gauge group. The SU (5)/SO (5) symmetry breaking leads to 14 massless Nambu-Goldstone bosons. The Goldstone boson matrix is written as Π(x) = π a (x)X a . X a are the broken generators of SU (5) which satisfy the relation
Then the Goldstone boson matrix Π(x) can be expressed as
where h and φ are the SM SU (2) L doublet and triplet, respectively, and can be expressed as
The leading order dimension-two term for the scalar field Σ(x) in the LHM is given by
where W a µj and B µj are the SU (2) j and U (1) j gauge fields, respectively. The generators of the SU (2) j and U (1) j gauge groups are written as
where σ a (a = 1, 2, 3) are the Pauli matrices. As we know, in the LHM there is no Higgs potential at tree-level. Instead, the Higgs potential is generated at one-loop and higher orders due to the interactions with gauge bosons and fermions. The Higgs potential (Coleman-Weinberg potential)
up to the operators of dimension four can be expressed as [24, 25] 
where χ = (b 3 , t 3 ,t), ǫ ijk and ǫ xy are antisymmetric tensors with i, j, k ∈ {1, 2, 3} and x, y ∈ {4, 5}, and the coupling constants λ 1 and λ 2 are supposed to be of the order of unity. After expanding the above Lagrangian and performing field redefinition [24, 26] , we get the SM top quark t and a new heavy vector-like quark T . The masses of the two mass eigenstates are given by
Considering the EWSB, we may obtain the masses of the new heavy gauge bosons and scalars as [26] 
.
III. Calculation strategy
III..1 General setup
We employ the modified FeynArts-3.9 package [27] to generate all the one-and two-loop Feynman diagrams and their corresponding amplitudes. The reduction of output amplitudes is accomplished by the FeynCalc-9.0 package [28, 29] . In our one-and two-loop amplitude calculation, we apply the FIRE [30] and Reduze2 [32] packages, in which the integration-by-parts (IBP)
identities and Lorentz invariance (LI) identities are adopted, to perform the loop reduction and express the amplitude in terms of a certain number of independent master integrals (MIs) depending on the loop order. A scalar multi-loop integral in d = 4 − 2ǫ dimensions is defined as G(a 1 , ..., a n ) =
where L is the number of loops, l i is the i-th loop momentum, n is the number of independent propagators, and a j ∈ Z. The j-th propagator is D j = p 2 j − m 2 j with p j being the linear combination of loop and external momenta and m j the mass of corresponding propagator. A specific set of D j is called a propagator family. Normally, we can directly use FIESTA+ParInt program [31, 33] to evaluate the MI in the physical region, but some of the principal integrals will be difficult to improve accuracy and the calculation is very time consuming. In the calculation of MIs, we firstly adopt the FIESTA+ParInt program using the sector decomposition method to get the values of the MIs in the non-physical region, where the convergence of the integral functions is faster and the MIs can be calculated efficiently with very high precision. Secondly, the obtained results serve as initial conditions of a suitable set of differential equations built upon all the MIs, and then the values of all MIs in physical region can be evaluated through the numerical integration of the differential equations [34, 35] .
Since the energy scale f is constrained to be several TeV or even higher [16] , we omit the terms in couplings with order of O(v 2 /f 2 ) (see Appendix A). Throughout our calculations we adopt the unitary gauge, and neglect the masses of electron, muon and light-quarks (u, d, s) due to their exceedingly tiny Yukawa couplings. Generally, the amplitude for Z H → H 0 γ at any order can be expressed as
where q and k 1 are the four-momenta of Z H and γ, respectively. The matrix element M µν can be written as
wherek
As we know, the matrix element should satisfy the Ward identity, i.e., k 1ν M µν = 0, thus E = 0 and B = 2m 2
A. Furthermore, the coefficients D and F have no contribution to |M| 2 . Then we only consider the first three terms of the right side of M µν in our calculation, i.e., 4) and the decay width for Z H → H 0 γ is obtained as
III..2 Leading-order amplitude
The leading-order (LO) contributions to the decay width of the Z H → H 0 γ process in the LHM have been comprehensively described in Ref. [23] . In this work we are going to evaluate the NLO QCD corrections to this decay process, and thus should calculate the LO amplitude at first. The LO one-loop Feynman diagrams can be divided into two sets of graphs: (1) triangle loop diagrams, and (2) tadpole and self-energy loop diagrams. 
In order to make comparison for the analytical expressions of the form factor coefficients with those in Ref. [ 
where f runs over τ, c, b, t and t-T mixing in the LHM, G i symbolizes charged gauge bosons (W , W H , and W -W H mixing), and S i denotes charged scalars. After our calculation we find that our expressions for the LO amplitude coefficients have some differences compared with the corresponding ones in Ref. [23] . Accordingly, we provide the explicit expressions for the one-loop form factor coefficients appeared in Eq.(3.7) in Appendix B.
III..3 NLO QCD corrections
The O(α 3 ew α s ) contribution to the decay width is from the interference between one-loop and For q = t-T in Fig.2 , there are two families and each family can be reduced to 35 MIs. It is obvious that the MIs of the two families can be obtained from each other by performing the exchange between m t and m T in all propagators.
The NLO QCD bare amplitude M 2−loop has to be renormalized to remove the UV divergence.
We choose the dimensional regularization in our calculation, and adopt the on-shell (OS) scheme [37] in handling the renormalization of quark-masses and Yukawa couplings. We note that there is no requirement for the renormalization for the relevant weak gauge couplings except the renormalization of the quark mass in Yukawa coupling, because the two-loop amplitude is the LO in α s . Actually, the QCD NLO amplitude renormalization for this decay channel is implemented by the charm-, bottom-, top-and T -quark mass renormalization for relevant Yukawa couplings, i.e., ccH, bbH, ttH, TT H and tT H couplings. They are directly related to δm c , δm b , δm t and δm T , and the counterterms for those couplings can be expressed as
For the counterterm of δG tT H , we have
We write the NLO QCD renormalized amplitude ∆M N LO as
where M 2−loop and M CT are the amplitudes contributed by two-loop diagrams and its corresponding NLO QCD counterterms separately. The counterterm amplitude M CT comes from the contributions of counterterm diagrams shown in Fig.3 . We divide the total counterterm amplitude into four groups, i.e., M q CT (q = c, b, t, t-T ), which are c-, b-, t-quark and t-T mixing triangle loop diagram groups, respectively. Each group has four diagrams with a cross marked on one propagator or vertex as shown in Fig.3 . The total counterterm amplitude from Fig.3 can be expressed as
where M b LO is the LO amplitude for the b-quark one-loop triangle diagrams,
G b are the contributions induced by the NLO QCD counterterms for bbH vertex and bquark propagator, i.e., the contributions from the first and the last three diagrams in Fig.3 for q = b, respectively. H and K can be obtained by computing the t-quark and t-T mixing triangle diagrams in Fig.3 . In the OS scheme the heavy quark mass counterterm is given by [37] δm 
IV. Numerical results and discussion
In 
The strong coupling constant α s (µ) is obtained by the expression in the MS scheme up to the two-loop order. We applied the Mathematica package RunDec [42] to evolve the strong coupling constant α s up to scale µ = m Z H .
In the LHM there are five independent input parameters in addition to the SM input parameters, which are chosen as f , c, c ′ , x, and λ 1 /λ 2 . In our numerical calculation, we take f = 3, 4 TeV, x = 0, c ′ = 1/ √ 2, λ 1 /λ 2 = 1, and c parameter varying from 0.1 to 0.6.
In Figs.4(a) 
The values of the partial decay widths from above three components are listed in Table 2 . where P L,R = (1 ∓ γ 5 )/2, G V and G A are the vector and axial-vector coupling constants shown as i(G V + G A γ 5 )γ µ , and s 0 gives the mixing of Higgs fields, s 0 ≃ 2
between W and W H , and they are given by 
The mixing angle s p in the pseudoscalar and singly-charged sectors can be easily extracted in terms of the VEVs, s p = 
